Objective: We investigated the correlations between cyclin-dependent kinase 4/6 (CDK4/6) levels and human papillomavirus (HPV) infection state in head and neck squamous cell cancer (HNSCC). The aim was to explore the potential value of CDK4/6 inhibitors in the treatment of HNSCC.
remains the combination of chemotherapy and radiotherapy (3, 4) . Cetuximab, the only available secondline targeted therapy, has a response rate of less than 15% (5, 6) . In recent years, significant efforts have been expended to develop alternative therapeutics for HNSCC, including cell cycle-targeted therapies.
The development and progression of cancer are usually related to the dysregulation of normal cell cycle control due to alterations in cell cycle machinery components (7) . Under normal conditions, cyclin-dependent kinases (CDKs), the core components of the cell cycle machinery, ensure orderly transitions between cell cycle phases. In the event of an abnormality, deregulated CDK activity may result in aberrant responses to cell damage and senescence, sometimes even contributing to malignant transformation. The idea to develop anticancer therapeutic strategies by targeting CDKs can be backdated to the late 1980s (8) (9) (10) . Although the first generation of "pan-CDK" inhibitors failed as a result of significant toxicity and a low response rate, two CDK4/6-specific inhibitors (palbociclib and ribociclib) have been approved by the U.S. Food and Drug Administration (FDA) for the treatment of breast cancer, which offers an encouraging perspective (11) .
Since loss of control of the cell cycle, especially the G1/S transition, has been proven to be the major characteristic of HNSCC (12, 13) , researchers have been investigating the therapeutic value of CDK4/6 inhibitors in HNSCC. For example, more than 10 relevant clinical trials have been established worldwide, including NCT03179956, NCT02429089, and NCT02499120. When used as a single agent, a CDK4/6 inhibitor showed only modest activity in a preclinical study, but combined use with chemotherapy, immunotherapy or epidermal growth factor receptor (EGFR) inhibitors may produce a better effect (14) . In a phase I study, two out of nine patients with recurrent or metastatic HNSCC showed a partial response after receiving combined treatment with palbociclib and cetuximab (15) , which supports the use of combination treatment. To ensure optimal therapeutic effects, it is worth determining what type of pharmaceuticals should be combined and what indications should be used for screening patients.
Herein, we analyze clinical data generated by The Cancer Genome Atlas (TCGA). All samples were first stratified into different subsets according to their human papillomavirus (HPV) status and CDK4 and CDK6 gene expression levels. The survival profiles of the individual subsets showed that the expression level of CDK6 but not CDK4 was an excellent prognostic indicator in HPV-positive (HPV+) HNSCC patients. Next, we performed gene set enrichment analysis (GSEA) and lymphocyte quantification, which linked CDK6 expression to tumor infiltration by lymphocytes and the antitumor immune response. In HPV+ HNSCC tumors, overexpressed CDK6 suppressed the lymphocyte infiltration process, attenuating CDK6 protein level might elevate the number of filtered lymphocytes in tumor site. Therefore, we speculate that using molecules that could downregulated protein level of CDK6, rather than the currently used CDK4/6 kinase inhibitors in combination with immune checkpoint inhibitor-based immunotherapy could be an effective treatment strategy for CDK6+/HPV+ subtype HNSCC patients.
Materials and methods

Data source
A digital gene expression dataset (level 3) as well as clinical information, such as sex, age, HPV infection status, and survival time, were downloaded for a total of 496 HNSCC patients from the official website of the TCGA. Normalization of the expression data was performed following the standard method summarized by the TCGA. Before statistical analysis, we performed logarithmic transformation of the expression levels.
Survival curve analysis
Tumor Immune Estimation Resource (TIMER) web server (https://cistrome.shinyapps.io/timer/) was used to generate Kaplan-Meier plots to visualize survival differences according to the expression levels of target genes (e.g., CDK6 and CDK4). To determine optimal grouping criteria, the samples in both HPV+ and HPV-negative (HPV−) groups were ranked in descending order according to the expression level of CDK6 or CDK4. We then chose equal numbers of the samples (i.e. 10%, 20%, 30%, 40% and 50% of total, respectively) at the top and bottom of the list and compared their survival curves of up to 5 years (data not shown). Based on these results, the high-and low-level groups were ultimately defined as the top and bottom 40% to include as many samples as possible while ensuring sufficiently significant differences between the two groups.
GSEA
GSEA was carried out to investigate whether selected gene sets were negatively or positively correlated with the CDK6 expression level in HPV+ HNSCC tumors. Gene sets were selected from the MsigDB database version 6.1. In our study, GSEA was run with the default parameters (i.e., permutation number = 1,000, permutation type = "genesets", and recompute time set to 1,000 times). All genes in the dataset were ranked using a signal-to-noise metric. The enrichment score (ES), normalized enrichment score (NES), and false discovery rate (FDR) were calculated on the basis of the ranked list of genes (16) . Gene set with statistical significance (Q value <0.001) were considered to represent biological processes with significant expression differences.
Copy number alterations (CNAs)
Somatic CNAs (SCNAs) were defined by GISTIC 2.0 (Version 2.0.23, ftp://ftp.broadinstitute.org/pub/GISTIC2.0/ GISTIC_2_0_23.tar.gz), which include deep deletion (−2), arm-level deletion (−1), diploid/normal (0), arm-level gain (1), and high amplification (2) . The distributions of immune subsets at each copy number status in either HPV+ or HPV− HNSCC are given in box plots. The infiltration level for each SCNA category was compared with the normal level using a two-sided Wilcoxon rank sum test.
Results
CDK6 is a poor prognostic marker in HPV+ HNSCC patients
HPV infection is one of the most commonly reported carcinogenic factors involved in the development of HNSCC. Comprehensive integrative genomic analysis suggested that HPV+ and HPV− HNSCC harbored different molecular features and drove the cell cycle through different pathways (12) . As the most prominently distinct HNSCC subclasses, HPV-related and HPVunrelated tumors are often considered to be different diseases and should be analyzed separately (17) (18) (19) . In total, 496 HNSCC patients were stratified into two separate groups according to their HPV infection status, i.e., HPV+ HNSCC and HPV− HNSCC. For each group, the patients were further divided into subsets based on the mRNA expression level of either CDK4 or CDK6 ( Table 1) . The association between the mRNA level of CDK4 and survival was statistically nonsignificant (P>0.05) regardless of the HPV infection status, as shown in Figure 1A ,B. In contrast, the prognostic value of CDK6 showed distinct differences between the HPV+ and HPV− subtypes of HNSCC Figure  1C ,D. More specifically, in the HPV+ HNSCC subset, the patients with a low CDK6 level showed a median survival time over 60 months, which was significantly longer than the median survival time of approximately 30 months in patients with a high CDK6 level (P=0.002). Nevertheless, no significant differences (Student's t test, P>0.05) in age or tumor stage were observed between patients with high CDK6 expression and patients with low CDK6 expression, indicating the excellent prognostic value of CDK6 in HPV+ HNSCC.
CDK6 contributes to immune response in HPV+ HNSCC
Because HPV+ HNSCC usually has a high expression level of p16 and a low expression level of retinoblastoma 1 (RB1), the CDK4/6-D-type cyclin complex is unnecessary to overcome the G1/S transition barrier established by RB1. This characteristic indicated that the overexpression of the CDK6 protein could promote the progression of HPV+ HNSCC through a cell proliferation-independent pathway. To evaluate the possibility of such a mechanism, GSEA was carried out with HPV+ HNSCC and HPV− HNSCC data to globally evaluate the molecular functions of CDK6 in HNSCC.
In HPV+ HNSCC, we found that a high level of CDK6 expression was most positively correlated with the cell-cell adhesion process, including an ECM receptor interaction (NES=2.03, P<0.0001) and focal adhesion (NES=1.76, P<0.0001), suggesting potential roles for CDK6 in cell migration ( Supplementary Table S1 ). Nevertheless, a high level of CDK6 expression was most negatively correlated with immune response-associated pathways. More specifically, of the top 10 enriched KEGG pathways in the context of low CDK6 expression, 4 were relevant to the immune response, including T cell receptor signaling pathway (Figure 2A , NES=−2.90, P<0.0001), primary immunodeficiency ( Figure 2B , NES=−2.33, P<0.0001), B cell receptor signaling pathway ( Figure 2C , NES=−2.18, P<0.0001) and the intestinal immune network for IgA production ( Figure 2D , NES=−2.56, P<0.0001) ( Supplementary Table S2 ). Indeed, T cell receptor signaling, the most important antitumor immune pathway, was the most significantly enriched pathway in the context of low CDK6 expression.
To investigate whether the correlation between CDK6 expression and T cell suppression in the tumor site was related to HPV infection, we also performed GSEA with HPV-HNSCC tissue samples ( Supplementary Table S3,4) . Interestingly, we did not find any obvious correlations between the CDK6 level and T cell receptor signaling or other immune response parameters. Overall, CDK6 overexpression inhibited the immune response in HPV+ HNSCC but not in HPV− HNSCC.
CDK6 suppressed tumor-infiltrating lymphocytes
We have shown that elevated CDK6 expression could negatively regulate the antitumor immune response in HPV+ HNSCC, and we then investigated whether CDK6 is a molecular marker that can predict the response to immune checkpoint inhibitor-based therapy. Given that infiltrating lymphocytes in the tumor site are the central players in the antitumor immune response, we then quantified the amounts of different types of lymphocytes, including B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils and DCs in each HNSCC sample and analyzed the roles of CDK6 at the level of lymphoid cell infiltration (https://cistrome.shinyapps. io/timer/).
GISTIC results showed that the copy number variation (CNV) state of CDK6 was highly correlated with the abundance of each type of lymphocyte in HPV+ HNSCC. When compared to patients with a normal CDK6 copy number state, patients with high CDK6 amplification contained the lowest levels of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils and dendritic cells (DCs), followed by patients with high CDK6 arm-level gain. In fact, the amount of CD8+ T cells, the major antitumor immunocyte, showed the most significant difference among HPV+ HNSCC samples with different CDK6 copy number states ( Figure 3A) . However, the CNV state of CDK4 did not show predictive value in estimating the abundance of tumor-infiltrating lymphocytes ( Figure  3B) .
To further confirm the correlation between CD8+ T cell abundance and the CDK6 CNV state, we next applied a correlation analysis using transcriptomic data. Consistent with our expectations, the mRNA level of CDK6 was highly negatively correlated with the mRNA levels of the CD8+ T cell markers CD8A and CD8B, CD4+ T cell marker CD4, and B cell marker CD19 in HPV+ HNSCC ( Figure 3C−F) . We also investigated the ability of each type of lymphocyte to predict OS outcomes in HNSCC (Figure 4) . In contrast to the survival results for CDK6, patients with a higher level of B cells, CD8+ T cells, CD4+ T cells, neutrophils or DCs showed extended survival. However, in HPV− HNSCC, neither the copy number state of CDK6 nor that of CDK4 could influence the amount of each type of tumor-infiltrating cell. Similarly, the amounts of tumorinfiltrating lymphocytes did not influence OS in HPV− HNSCC. These results indicated that CDK6 might regulate the progression of HPV+ HNSCC through tumor-infiltrating lymphoid cells and the subsequent immune response.
Discussion
It is recognized that the tumor suppresser gene P16 is often inactivated in HPV− HNSCC (20) . The loss function of P16 INK4a , which is encoded by the gene P16, leads to increased activity of CDK4/6 kinases and abnormal regulation of the cell cycle. However, according to our analysis in this study, patients with different expression levels of CDK4/6 showed no differences in survival. One possible explanation is that the expression levels of CDKs are not equivalent to their kinase activities. To evaluate this assumption, we further analyzed the correlation between the expression of CDK4/6 and Ki-67 (21), which is a marker of cell proliferation, in both HPV+ and HPV− patients. In HPV− patients, the expression levels of both CDK4 and CDK6 were weakly correlated with that of Ki-67, indicating that the mRNA levels of CDK4/6 cannot precisely reflect their kinase activities. On the other hand, almost no correlation was found between the expression levels of CDK4/6 and Ki-67 in the HPV+ patients ( Supplementary Figure S1) . This is consistent with our knowledge that the proliferation of HPV+ HNSCC cells is not dependent on CDK4/6 kinase activity. To further investigate the correlation between CDK4/6 expression and HPV infection in cancer progression, we also conducted a similar analysis of patients with squamous carcinoma of the cervix (CESC), which also frequently harbors HPV infection. Consistent with the results observed for HNSCC, the results for CESC showed that the level of CDK4 did not show any prognostic value in CESC, regardless of the HPV state. Only in HPV+ CESC did patients with a high level of CDK6 expression have notably poorer outcomes than patients with low CDK6 expression (P=0.015). Meanwhile, the survival curves of the remaining HPV− patients did not differ statistically (P>0.05) ( Supplementary Figure S2) . Although the number of HPV− CESC patients was limited (total number=21), this feature would not impair the prognostic value of the CDK6 level in HPV+ CESC. CDK6 and its close homolog CDK4 share high sequence identity (>70%) and play similar roles in cell cycle regulation (22). However, only CDK6 has been reported to have kinase-independent functions thus far. On the basis of this knowledge, we hypothesized that CDK6 might play a role in the progression of HPV+ HNSCC in a kinase-independent manner. As was observed in the HPV+ patient subgroup, CDK kinase activity is not the primary driver of tumor progression. If this hypothesis holds, the phenomenon that CDK6 and CDK4 exhibit distinct prognostic values only in HPV+ HNSCC can be well explained. To evaluate this hypothesis, we performed GSEA, which linked CDK6 expression to tumor-infiltrating lymphocytes. Interestingly, the prognostic role of CD8+ T cell infiltration was previously reported in HNSCC by another research team (23). Subsequent GISTIC analysis also confirmed that the mRNA level of CDK6 was negatively correlated with the mRNA levels of a series of lymphocyte infiltration-related markers (e.g., the CD8+ T cell markers CD8A and CD8B, CD4+ T cell marker CD4, and the B cell marker CD19) in HPV+ HNSCC but not in HPV− HNSCC. However, the association between CDK6 and tumor infiltration is not sufficient to support the hypothesis that CDK6 contributes to tumor progression in a kinase-independent manner. Therefore, we further studied the correlation between CDK6 and vascular endothelial growth factor (VEGF)-A in HPV+ HNSCC patients. The reason for doing so was that CDK6 has been reported to be part of a transcriptional complex that induces the expression of VEGF-A in lymphoid malignancies (24). In addition, VEGF signaling is able to suppress T lymphocyte infiltration into the tumor microenvironment (25). Subsequently, a weak positive correlation between CDK6 and VEGF-A was found. Although our result was not statistically significant, we believe that cytology experiments might provide further evidence to support our hypothesis. 
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